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Open access under the EThe production of ethanol by the new yeast Spathaspora arborariae using rice hull hydrolysate (RHH) as
substrate, either alone or in co-cultures with Saccharomyces cerevisiae is presented. Cultivations were also
carried out in synthetic medium to gather physiological information on these systems, especially con-
cerning their ability to grow and produce ethanol in the presence of acetic acid, furfural, and hydroxym-
ethylfurfural, which are toxic compounds usually present in lignocellulosic hydrolysates. S. arborariae
was able to metabolize xilose and glucose present in the hydrolysate, with ethanol yields (YetP=S) of
0.45. In co-cultures, ethanol yields peaked to 0.77 and 0.62 in the synthetic medium and in RHH, respec-
tively. When the toxic compounds were added to the synthetic medium, their presence produced nega-
tive effects on biomass formation and ethanol productivity. This work shows good prospects for the use of
the new yeast S. arborariae alone and in co-cultures with S. cerevisiae for ethanol production.
 2010 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Global interest in ethanol as a biofuel has increased during re-
cent years due to concerns on fossil fuels exhaustions and carbon
dioxide emissions (Martin and Thomsen, 2007). Chief sources of
ethanol production are sucrose from sugar cane and maize starch,
as used by the two biggest ethanol producers, Brazil and United
States (Soccol et al., 2010; Rouhollah et al., 2007). However, the
great bulk of biomass consists of cellulose, hemicellulose, and lig-
nin, which can be used to greatly expand the renewable and sus-
tainable resources for ethanol, without competing with food
production (Rouhollah et al., 2007; Fromanger et al., 2010). Cellu-
lose and hemicellulose fractions of agroindustrial residues can be
depolymerized into fermentable sugars such as the hexoses glu-
cose and mannose, and the pentoses xylose and arabinose, either
by enzymatic or chemical hydrolyses (Mosier et al., 2005). An efﬁ-
cient conversion of all sugars present in lignocellulosic hydroly-
sates to ethanol is a prerequisite for maximizing the proﬁtability
of an industrial process and to improve the cost-competitiveness
of bioethanol production (Fu et al., 2009). The microbial conversion
of pentoses, which represent 25–40% of the total sugars of these
polymeric materials, has been identiﬁed as the major research: +55 51 33087048.
.
lsevier OA license.challenge for the second-generation ethanol technology
(Fromanger et al., 2010). The pentose sugar xylose is the main
monosaccharide liberated from plant hydrolysates, which cannot
be fermented by wild-type strains of Saccharomyces cerevisiae, by
far the most extensively used microorganism for ethanol produc-
tion. In order to overcome this limitation, several attempts to
develop recombinant strains of S. cerevisiae based on its capacity
to ferment xylulose into ethanol have been reported in the litera-
ture, but so far only a limited number of industrial S. cerevisiae
strains with this capacity have been tested because the metabolic
regulations of yeasts are still poorly understood (Van Zyl et al.,
2007). Consequently, there are relatively few studies on the
performance of these strains under industrial conditions using
lignocellulosic hydrolysates (Hahn-Hägerdal et al., 2007).
Yeasts like Pichia stipitis, Pachysolen tannophilus, Candida
shehatae, and Candida tropicalis have been shown to ferment xylose
to ethanol, but since no wild-type strains of these yeasts are able to
efﬁciently carry out the simultaneous conversion of pentoses and
hexoses, the combination of them and the construction of geneti-
cally modiﬁed cells have been reported as special fermentation
strategies (Van Maris et al., 2006). Co-cultures of yeasts, and of
yeasts and the bacterium Zymomonas mobilis, were also studied
in order to verify the potential synergistic utilization of the meta-
bolic pathways of different microorganisms (Bader et al., 2009). For
instance, co-cultures of S. cerevisiae and P. stipitis, immobilized
Z. mobilis and free-cell P. stipitis, and Z. mobilis and P. tannophilus,
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nations of glucose and xylose (Grootjen et al., 1991; Fu and Peiris,
2008; Fu et al., 2009).
Another important factor involved in the second-generation
bioethanol production is the formation of cell inhibitory sub-
stances such as weak acids, furan derivatives, and phenolic com-
pounds, which will always be formed during the chemical
hydrolyses of lignocellulosic materials (Palmqvist and Hahn-
Hagerdal, 2000; Klinke et al., 2004). High levels of toxic compounds
can be generated during lignocellulosic hydrolysate production.
Furfural and acetic acid generation during sugar cane acid hydro-
lysis can reach up to 5 g L1, (Aguilar et al., 2002), while HMF can
be as high as 6 g L1 on hydrolysates from chipped pine wood
(Larsson et al., 1999). Inhibitors affect the overall cell physiology
and often result in decreased cell viability, ethanol yields, and pro-
ductivity (Zaldivar et al., 2001). For instance, for S. cerevisiae, fur-
ans at high concentrations exert an inhibitory effect, interfering
with glycolytic enzymes and macromolecules syntheses, while
acetic acid, which is relatively abundant in lignocellulosic hydrol-
ysates, has cytotoxic effects at elevated concentrations (Keating
et al., 2006). In this context, the aims of this research were to
investigate the kinetics of glucose, xylose and arabinose conver-
sion to ethanol in cultures of Spathaspora arborariae, S. cerevisiae,
and in the combined co-cultures of these strains. Micro-aerobic
conditions were compared against anaerobiosis using synthetic
medium and concentrate rice hull hydrolysate. The individual
and combined effects of the toxic compounds hydroxymethylfurf-
ural (HMF), furfural and acetic acid on sugar consumption, cell
growth, and ethanol productivity were also evaluated in synthetic
medium.2. Methods
2.1. Microorganisms, cell maintenance, and materials
The strains used in this study were S. cerevisiae ICV D254
(Lalvin, Institut Coopératif du Vin, France), and S. arborariae
(UFMG-HM19.1A = NRRL Y-48658). S. cerevisiae ICV D254 is a
commercial wild-type strain isolated from Syrah grapes from the
Rhône Valley region, in France, used for wine fermentation and it
has been chosen for this research due to its good ethanol resis-
tance. S. arborariae UFMG-HM19.1A was recently isolated from rot-
ting wood collected in an Atlantic Rain Forest site of the Serra do
Cipó National Park, State of Minas Gerais, Brazil, and was character-
ized by CADETE et al. (2009) as an efﬁcient D-xylose fermenting
yeast. Yeasts were kept frozen at 20 C in stock cultures of 20%
glycerol and 80% of culture medium containing (in g L1): yeast
extract, 3; malt extract, 3; peptone, and glucose, 5.
Rice hull was obtained from a local rice mill as dried material
and processed without any further treatments before hydrolysis
(see bellow). All chemicals used in this research were of analytical
grade and purchased from Sigma–Aldrich (St. Louis, USA), unless
otherwise stated.2.2. Inocula preparation
Inocula for all cultivations were prepared by cultivating the
yeasts in synthetic medium (composition described in 2.3.) in
500 mL Erlenmeyer ﬂask ﬁlled with 150 mL of medium. Cultiva-
tions were carried out in an orbital shaker (Marconi MA 830, Bra-
zil) at 180 rpm, 30 C for 24 h. Late exponential-phase cells were
collected by centrifugation at 3000g for 10 min, the pellets formed
were washed with sterile distilled water and resuspended directly
into the medium to be used as inocula (10% (v/v)) for the cultiva-tions with a cell concentration of optical density (OD, 600 nm) of
1, corresponding to 1.2 g L1 of each strain.
2.3. Media composition and cultivation conditions
The microorganisms, both isolated and in co-cultivation, were
grown in synthetic medium and in rice hull hydrolysate (RHH).
Since the objective of using the synthetic medium was to simulate
hydrolysates containing sugars and toxics normally found in hemi-
cellulosic materials, the composition of it was approximately that
of RHH in terms of total sugar concentration (50 g L1, synthetic;
52 g L1, RHH), but with increased amounts of pentoses, HMF, fur-
fural, and acetic acid in order to stress cell tolerance. The synthetic
medium (G20X20A10) was composed of (in g L1): yeast extract, 3;
peptone, 5; xylose, 20; glucose, 20, and arabinose 10, pH adjusted
to 5 with 1 M HCl. Sugars were always autoclaved separately from
yeast extract and peptone in order to avoid caramelization and
other complexation reactions. RHH was obtained by the acid
diluted hydrolysis of rice hull in autoclave (121 C, 60 min, solid:
liquid ratio of 1:10, 1% (v/v) sulfuric acid). The liquid fraction
was separated by ﬁltration and the pH was adjusted to 5 with solid
sodium hydroxide. The hydrolysate was vacuum-concentrated at
70 C in order to increase its sugars and protein concentrations
to the following ﬁnal amounts (in g L1): glucose, 35; xylose, 13;
arabinose, 4; and protein 5. The amounts of toxic compounds (or
inhibitors of microbial growth), formed during hydrolysis, in the ﬁ-
nal concentrated hydrolysate were (in g L1): HMF, 0.07; furfural,
0.01; acetic acid, 1.6. No detoxiﬁcation and supplementation were
made. Cultures were carried out in 2 L Erlenmeyer ﬂasks contain-
ing 450 mL of either G20X20A10 or RHH in an orbital shaker at
180 rpm, 28 C for 108 and 240 h, simulating a microaerophilic
environment (Nigam, 2001). Cell growth was estimated and ex-
pressed as dry weight. Samples were centrifuged, washed twice
with cold distilled water and dried in pre-weighted plastic tubes
at 80 C to a constant weight (Schirmer-Michel et al., 2008), Alter-
natively, biomass was estimated as viable cells, using CFU (colony
forming units) plated in yeast morphology agar (YMA) medium,
described by Dupont and Drouhet (1979).
Samples were collected during cultivation for determination of
biomass and quantiﬁcation of sugars, xylitol, ethanol, and acetic
acid. All experiments were conducted in duplicates.2.4. Tolerance towards toxic compounds
The effects of furfural, HMF, and acetic acid on cultures were
evaluated using synthetic medium composed of (in g L1) glucose,
20; xylose, 15; arabinose, 3; yeast extract, 3; peptone, 5, added
with varying concentrations of the toxic compounds (in g L1): fur-
fural 2 and 3, HMF 2.5 and 5, acetic acid 1.6 and 3.2, either alone or
in combinations of the three. These concentrations of toxics were
chosen based on the literature (Klinke et al., 2004; Taherzadeh
et al., 2000) and were deliberately higher than their concentrations
in RHH to effectively simulate cell tolerance towards these com-
pounds. The same medium without addition of the toxic com-
pounds was used as control. Cultures were carried out in 250 mL
Erlenmeyer ﬂasks containing 60 mL of medium, initial pH 5, at
28 C, 180 rpm on a rotary shaker, for 120 h. Samples were col-
lected along the cultivation for the determination of sugars, etha-
nol, and toxics concentration, and for biomass.
2.5. Analytical methods
Glucose, xylose, arabinose, ethanol, xylitol, and acetic acid con-
centrations were determined by HPLC (Shimadzu, Japan) equipped
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(300  7.8 mm) using 5 mM sulfuric acid as eluent at 45 C, ﬂow
rate of 0.6 mL min1 and sample volumes of 20 lL. Furfural and
HMF were determined by HPLC with a UV detector (at 276 nm)
using a Nucleosil C18 column (250  4.6 mm) at room tempera-
ture, using acetonitrile–water (2:8) containing 10 g L1 acetic acid
as eluent, ﬂow rate of 1.1 mL min1 and sample volumes of 20 lL.
2.6. Kinetic parameters calculation
The ethanol conversion yield (Ye:g:P=S, g g
1) was deﬁned as the ra-
tio of the concentration of ethanol produced and glucose consumed
when S. cerevisiae was used as the sole microorganism. When cul-
tivation was with S. arborariae, the ethanol conversion yield (YetP=S,
g g1) was deﬁned as the ratio of the concentration of ethanol pro-
duced and total sugars consumed, while xylitol conversion yield
(YxyP=S, g g
1) was calculated as the ratio of the concentration of xyli-
tol produced and xylose consumed.Fig. 1. Kinetics of substrate consumption, ethanol and biomass production of Saccharom
(B) rice hull hydrolysate (RHH). Biomass (*); glucose (h); xylose; (s) arabinose (4); eth3. Results and discussion
3.1. Culture kinetics of S. cerevisiae and S. arborariae on G20X20A10 and
RHH
The kinetics of S. cerevisiae ICV D254 cultivation in G20X20A10
and RHH is shown in Fig. 1A and B, while the kinetic parameters,
in comparison with the other cultivations, are shown in Table 1.
S. cerevisiae consumed all available glucose, showing good ethanol
conversion yields on both media, with Ye:g:P=S of 0.53, and 0.52, and
volumetric productivities (Qp) of 0.40 and 0.38 g L1 h1 in
G20X20A10 and RHH, respectively, showing that S. cerevisiae ICV
D254 can be cultivated in hydrolysates containing diluted concen-
trations of toxic compounds. Saha et al. (2005) reported the culti-
vation of a recombinant ethanologenic strain of Escherichia coli
(FBR 5), under micro-aerobiosis on RHH (obtained under very sim-
ilar hydrolysis conditions as in this research), obtaining ethanol
bioconversions yields of YetP=S of 0.43. Although the results foryces cerevisiae strain ICV D254 cultivated in (A) synthetic medium (G20X20A10), and
anol (j). Results are the mean of duplicates.
Table 1
Kinetic parameters for Saccharomyces cerevisiae ICV 254D, Spathaspora arborariae UFMG-HM19.1A, and for the co-culture of both yeasts in
synthetic medium (G20X20A10) or rice hull hydrolysate (RHH).
Medium Microorganism Ethanol Xylitol
Ye:g:P=S (g g
1) YetP=S (g g
1) Qp (g L1 h1) YxyP=S (g g
1)
G20X20A10
S. cerevisiae 0.53 0.40 –
S. arborariae 0.46 0.21 0.13
Co-culture 0.77 0.69 0.79
RHH
S. cerevisiae 0.52 0.38 –
S. arborariae 0.45 0.16 0.33
Co-culture 0.62 0.25 0.45
YegP=S: Ethanol coefﬁcient yield (g ethanol per g glucose consumed);
YetP=S: Ethanol coefﬁcient yield (g ethanol per g total sugar consumed);
YxyP=S: Xylitol coefﬁcient yield (g xylitol per g xylose consumed).
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major hindrance for using this yeast for lignocellulosic hydrolysate
fermentation is its inability to metabolize and ferment pentose
sugars such as xylose and arabinose to ethanol (Hahn-Hägerdal
et al., 2007).Fig. 2. Kinetics of substrate consumption, ethanol, xylitol, and biomass production of
(G20X20A10), and (B) rice hull hydrolysate (RHH). Biomass (*); glucose (h); xylose; (s) aThe kinetics of S. arborariae UFMG-HM19.1A cultivation in
G20X20A10 and RHH are shown in Fig. 2A and B, while the kinetic
parameters, in comparison with other cultivations, are shown in
Table 1. Unlike S. cerevisiae, this yeast was able to use all glucose
and most of xylose present in the media. In the synthetic mediumSpathaspora arborariae strain UFMG-HM19.1A cultivated in (A) synthetic medium
rabinose (4); ethanol (j); xylitol (d). Results are the mean of duplicates.
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xylose, but at different rates of consumption. Glucose was con-
sumed at rate of 0.45 g h1, while xylose consumption rate was
very slow, 0.08 g h1, until glucose depletion, after that increasing
to 0.41 g h1. However, in the cultivation in RHH (Fig. 2B), a dia-
uxic kinetics was observed, with xylose being fermented only
after glucose was consumed. The preferential utilization of glu-
cose over xylose is not an uncommon phenomenon, also shown
to occur for C. utilis, C. shehatae, and P. stipitis, due to glucose
repression of enzymes involved in the xylose metabolism or by
inactivation of high afﬁnity transport systems (Preziosi-Belloy
et al., 1997). Arabinose was also used, although less efﬁciently.
Ethanol was produced with yields of YetP=S of 0.45 in G20X20A10
(Qp of 0.21 g L1 h1) and 0.45 in RHH (Qp of 0.16 g L1 h1),
respectively, reaching concentrations over 15 g L1 in both media.
After depletion of glucose, ethanol and xylose were metabolized,
which was observed by Guo et al. (2006) for Candida maltosa
(Xu316) cultured in ACL-xylose (50 g L1) medium and for
Candida guilliermondii cultivated in soybean hull hydrolysate
(Schirmer-Michel et al., 2008). According to these works, theFig. 3. Kinetics of substrates consumption, ethanol, xylitol, and biomass production of c
HM19.1A in (A) synthetic medium (G20X20A10), and (B) rice hull hydrolysate (RHH). Biom
the mean of duplicates.conversion of xylose to ethanol continues until the residual xylose
concentration drops approximately to 10–12 g L1, when cells start
consuming ethanol formed in the ﬁrst phase, if microaerophilic
conditions are present.
Efﬁciencies of xylose and arabinose utilization by this yeast
were 84% and 37% in G20X20A10 and 45% and 33% in RHH, respec-
tively. These results showed that this new yeast compared very
well with other yeasts capable of metabolizing both pentoses
and hexoses, converting them into ethanol. For instance,
Hahn-Hägerdal et al. (2006) reported ethanol yields of YetP=S of
0.41 for P. stipitis cultivated in detoxiﬁed wheat straw hydrolysate.
Huang et al. (2009), obtained ethanol yields of YetP=S of 0.40 for non-
adapted strains of P. stipitis cultivated in neutralized rice straw
hydrolysate. Moreover, S. arborariae UFMG-HM19.1A was also able
to produce xylitol in both media with good yields, especially in
RHH, with YxyP=S of 0.33. Again, these results are suggesting the good
biotechnological potential of this yeast. Growing in brewers spent
grain hemicellulosic hydrolysate, the standard xylitol producer,
C. guilliermondii, showed yields YetP=S of 0.37, as reported by
Mussatto et al. (2005).o-cultures of Saccharomyces cerevisiae ICV 254D and Spathaspora arborariae UFMG-
ass (*); glucose (h); xylose; (s) arabinose (4); ethanol (j); xylitol (d). Results are
F. da Cunha-Pereira et al. / Bioresource Technology 102 (2011) 4218–4225 42233.2. Kinetics of co-cultures of S. cerevisiae and S. arborariae
Although S. cerevisiae efﬁciently converts hexoses into ethanol,
this yeast is unable to metabolize the pentoses present in lignocel-
lulosic hydrolysates. Co-cultures of S. cerevisiae with other genera
have been proposed as a way to overcome this problem (Rouhollah
et al., 2007). The kinetics of co-cultures of S. cerevisiae ICV 254D
and S. arborariae UFMG-HM19.1A in G20X20A10 and RHH are shown
in Fig. 3A and B. These experiments were aimed at investigating
the combined effects of these two yeasts on the consumption of
substrates and ethanol production. Ethanol yields were consis-
tently higher than for isolate cultures of these yeasts, reaching
YetP=S of 0.77 and Qp of 0.69 g L
1 h1 in G20X20A10, and Y
et
P=S of 0.63
and Qp of 0.25 g L1 h1 in RHH, respectively. Rouhollah et al.
(2007) reported ethanol yields of YetP=S of 0.41 and Y
et
P=S of 0.36 and
Qp of 0.77 g L1 h1 and 1.08 g L1 h1 for co-cultures of S. cerevisi-
ae and P. stipitis, and for S. cerevisiae and Kluyveromyces marxianus,
respectively, in synthetic medium containing glucose, xylose, man-
nose, and galactose, up to a total sugar concentration of 80 g L1. In
another study, Taniguchi et al. (1997) reported ethanol yields of
YetP=S of 0.50 in synthetic medium containing glucose and xylose
in a co-culture of P. stipitis and a respiratory-deﬁcient mutant of
S. cerevisiae. In these experiments, xylitol was also produced reach-
ing up to 8.2 g L1 (YxyP=S of 0.79) in G20X20A10 and 7 g L
1 (YxyP=S of
0.45) in RHH. Since xylitol must be attributed exclusively to S. arb-
orariae metabolism, these results suggest that this yeast is an
excellent candidate for further studies on xylitol production from
xylose-rich hydrolysates.
3.3. Inﬂuence of toxic compounds on S. arborariae fermentation
In order to investigate the ability of S. arborariae UFMG-
HM19.1A to grow and produce ethanol in the presence of toxic
compounds formed during hydrolysis of RHH, cultures were car-
ried out in synthetic medium containing HMF, furfural, and aceticFig. 4. Effects of toxic compounds on cultures of S. arborariae UFMG-HM19.1A, owing
2.5 g L1; (B) HMF initial concentration of 5 g L1; (C) furfural initial concentration of 2 g L
1.6 g L1; (F) acetic acid initial concentration of 3.2 g L1. Control biomass (*); biomass
biomass production on high concentrations of toxics (N); toxics in high concentrationsacid, either alone or in combination of the three. The results show-
ing the kinetics of biomass formation and consumption of toxic
compounds for cultures where the compounds were added iso-
lated are depicted in Fig. 4. Table 2 shows the values for substrate
consumption, and ethanol and biomass productions. The experi-
ment where the three toxics were added is not shown, since this
condition totally inhibited cell metabolism. As it can be seen in
Fig. 4, HMF, furfural, and acetic acid caused growth inhibition,
extending the lag phase until they were completely depleted from
the medium. Ethanol productivity was also affected when com-
pared to the control. The lag phase is dependent on the ability of
cells to metabolize the inhibitors. Except for the highest concentra-
tion of furfural (3.0 g L1), S. arborariae UFMG-HM19.1A was
capable of metabolizing these compounds. Furan and acetate
degradation have been studied for S. cerevisiae, C. guilliermondii,
P. stipitis, and for the bacterium Z. mobilis in synthetic media, but
the mechanisms of these degradations are not entirely elucidated
(Delgenes et al., 1996). Studies indicate that there is a clear dose-
dependent inhibition of the yeast by furfural and HMF (Liu et al.,
2008). Despite the clear negative effects of HMF, furfural, and
acetic acid on S. arborariae metabolism, this yeast was able to
efﬁciently consume the medium sugars and produce ethanol, except
for the cultivation in presence of 3 g L1 of furfural, in which glu-
cose and xylose consumptions were almost completely inhibited.
These results suggest that HMF has a lower inhibitory effect on S.
arborariae than furfural. High concentrations of furfural and HMF
have been reported to affect yeasts survival, growth rates, cell bud-
ding, ethanol yield, and the activities of some enzymes (Gorsich
et al., 2006). For S. cerevisiae, the presence of HMF has been shown
to inhibit triose-phosphate dehydrogenase, alcohol dehydroge-
nase, aldehyde dehydrogenase, and pyruvate dehydrogenase
(Petersson et al., 2006). Furfural and HMF can be reduced in
NADPH-dependent reactions to less toxic compounds, as furfurilic
and 5-hydroxymethyl furfuryl alcohol (Liu et al., 2004; Almeida
et al., 2008). Nilsson et al., 2005, proposed that HMF reduction inthe biomass production and toxics consumption. (A) HMF initial concentration of
1; (D) furfural initial concentration of 3 g L1; (E) acetic acid initial concentration of
production on low concentrations of toxics (d); toxics in low concentrations (s);
(4).
Table 2
Comparison of biomass production; consumption of glucose, xylose and arabinose; degradation of acetic acid, furfural and HMF; and the yields of ethanol production by
Spathaspora arborariae UFMG-HM19.1A in different concentrations of toxic compounds.
Consumption (%) Production
Glucose Xylose Arabinose Acetic acid Furfural HMF Biomass (g L1) Ethanol YetP=S (g g
1)
Control
100 99 0 – – – 6.87 0.48
HMF
2.5 g L1 100 98 0 – – 100 6.60 Negligible
5 g L1 100 29 0 – – 100 5.39 0.18
Furfural
2 g L1 100 60 0 – 99 – 5.70 0.16
3 g L1 2 4 0 – 65 – 0.02 Negligible
Acetic acid
1.6 g L1 100 67 0 88 – – 7.70 0.03
3.2 g L1 74 0 0 82 – – 4.99 0.09
Synergistic effects of toxics
LC 7 2 0 3 36 3 0.02 Negligible
HC 7 0 0 0 34 0 0.03 Negligible
Toxics were added to the medium at concentrations of (in g L1) (1) LC: HMF, 2.5; furfural, 2; acetic acid, 1.6. (2) HC: HMF, 5; furfural, 3; acetic acid, 3.2. The (–) indicates that
the chemical was not added.
4224 F. da Cunha-Pereira et al. / Bioresource Technology 102 (2011) 4218–4225strains of S. cerevisiae is mediated with NADPH as a cofactor. A
NADPH-coupled reduction diverts NADPH from anabolic reactions,
possibly having a negative effect on growth and on ethanol produc-
tivity, whereas the NADH-coupled reduction does not directly
interfere with the NADPH balance. The authors have shown that
this mechanism is strain dependent. Therefore, the NADH-coupled
reduction of HMF might be operating in S. arborariae explaining its
ability to grow and produce ethanol on RHH.
Results in Table 2 shows that ethanol production was affected
by furfural, acetic acid, and HMF even when sugar consumption
was higher than 60% (for both glucose and xylose), showing coef-
ﬁcient yields approximately 60% lower than that for the control
(YetP=S of 0.48). High concentrations of furans have shown to inter-
fere with glycolytic enzymes and macromolecule synthesis, while
acetic acid can permeate across cellular membranes, causing
cytosol acidiﬁcation, impairing metabolic processes essential for
microbial growth, subsequently decreasing ethanol productivity
(Keating et al., 2006). S. arborariae was more effective in metabo-
lizing furfural (35%) over HMF and acetic acid (varying from 0% to
3% of each), when all chemicals were present in the medium. This
difference of metabolism in relation to furans was also demon-
strated for S. cerevisiae growing in synthetic medium containing
both HMF and furfural (Taherzadeh et al., 2000), showing little
conversion of HMF until all furfural had been converted. The dif-
ference in the speciﬁc conversion rates of these toxics may be re-
lated to different transport rates or to different afﬁnities for the
compounds during the enzymatic reduction steps. However, these
physiological mechanisms remain to be elucidated in future
studies.4. Conclusion
It was demonstrated the possibility of using RHH as a substrate
for ethanol and xylitol production by S. cerevisiae ICV D254 and
S. arborariae UFMG-HM19.1A, a new yeast strain isolated from
Atlantic Rain Forest in Brazil. S. arborariae proved to be an efﬁcient
converter of hexoses and pentoses to ethanol. Co-cultures of these
yeasts proved to be efﬁcient for ethanol production, with yields as
high as YetP=S of 0.77 and 0.62 in synthetic medium and RHH, respec-
tively. Further studies are granted in order to optimize cultures of S.
arborariae, either alone or in co-cultures with other ethanologenic
microorganisms, especially in lignocellulosic hydrolysates.Acknowledgements
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